Two vector-like families Q L,R = (U, D, N, E) L,R and Q ′ L,R = (U ′ , D ′ , N ′ , E ′ ) L,R with masses of order 1 TeV, one of which is a doublet of SU (2) L and the other a doublet of SU (2) R , have been predicted to exist, together with the three observed chiral families, in the context of a viable and economical SUSY preon model. The model itself possesses many attractive features which include explanations of the origins of (i) diverse mass-scales, (ii) family-replication, (iii) protection of the masses of the composite quarks and leptons compared to their compositeness scale and (iv) inter-family mass-hierarchy. The existence of the two vector-like families -a prediction of the modelturns out to be crucial especially for an explanation of the inter-family mass-hierarchy (IFMH). Given the simplicity of the explanation, the observed IFMH in turn appears to us to be a strong hint in favor of the existence of the two vector-like families.
I. Introduction
Searches for the Higgs bosons and supersymmetry -related directly and/or indirectly to electroweak symmetry breaking -are among the commonly cited motivations, deservedly so, for the building of the hadronic colliders like the LHC, a future version of the now extinct SSC, as well as the next e − e + linear collider NLC. The discovery of the Higgs boson(s) will clearly shed light on the problem of electroweak symmetry breaking and thereby on the origin of the masses of W and Z, while that of supersymmetry will provide assurance on the common understanding of the gauge-hierarchy problem. But by themselves, none of these discoveries would shed light on an understanding of the inter-family mass-hierarchy (IFMH) and therefore on the origin of the masses of the quarks and the leptons, of which all matter is made. As regards this last issue, while there are a few explanations, we believe that there is a particularly simple one which deserves attention. For this simple explanation of the IFMH to hold, there must exist two "vector-like" quarklepton families Q L,R and Q ′ L,R with masses of order 1 TeV, where Q L,R couple vectorially -i.e., in a parity conserving manner-to W L 's, while Q ′ L,R couple vectorially (assuming a left-right symmetric gauge theory) to W R 's.
As it turns out, two such vector-like families and the associated fermion mass matrix, providing an explanation of the IFMH, arise in a compelling manner in a supersymmetric preon model [1] [2] [3] . Since a search for these two vector-like families need facilities like the SSC and the LHC, by way of emphasizing the dire need for the building of such accelerators, we first recall the essential role which these two families play in providing an explanation of the inter-family mass hierarchy. The main purpose of the paper is to spell out the expected properties of these two families -i.e., their masses, mixings and decay modes -in some detail. These should facilitate their search, if and when the LHC, a possible new version of the SSC and/or the NLC are built.
Before proceeding further, it is useful to recall one crucial distinction between the chiral and the two vector-like families. Since Q L and Q R couple symmetrically to SU(2) L ×U(1) Y gauge bosons, the mass term (Q L Q R + h.c) and likewise (Q
In a class of models, the masses of these vector-like families, protected by additional symmetries (see below), turn out naturally to be of order 1 TeV, rather than being of order Planck mass or some other superheavy scale. Because their masses are SU(2) × U(1)-symmetric, however, the oblique parameters S, T and U [4] , or equivalently ρ (or ǫ 1 ) and ǫ 3 [5] do not receive contributions from these vector-like families, in the leading approximation. As a result, the prevailing set of measurements of the electroweak parameters, despite their precision, are not sensitive enough to the existence of vector-like families [6] . This is unlike the case of a fourth chiral family which is slightly disfavored and a technicolor family which seems to be excluded (at least in its simple form) by the measurement of the S, T and U-parameters. This leads one to infer that if new families beyond the three are yet to be found, they are more likely to exhibit vectorial rather than chiral couplings to W L 's and W R 's (at least in their canonical forms before Q − Q ′ mixings) [6] .
The reason why we take the possible existence of two vector-like families
L,R with masses of order 1 TeV seriously is two-fold. First of all, as mentioned above, they arise as a compelling prediction of a SUSY composite model [1] , which seems to possess many attractive features. These include an understanding of (a) the origin of family replication [2] , (b) protection of the masses of composite quarks and leptons, compared to their compositeness scale [7] , and (c) the origin of the diverse mass scales-from M Planck to m ν [1] . In addition, the model provides several testable predictions [1] [2] [3] , by which it can be excluded, if it is wrong.
Second of all, the existence of the two vector-like families is found to be crucial in the model to the very origin of the masses of the three chiral families and simultaneously, to an understanding of the inter-family masshierarchy. Both features turn out to have their origin [1, 3] in a spontaneously induced see-saw pattern for the 5 × 5 mass matrix of the three chiral and the two vector-like families, in which the direct mass terms of the three
vanish naturally owing to underlying symmetries of the theory, barring small corrections that are less than or of order 1 MeV. Although the compositeness scale is determined on various grounds to be around 10 11 GeV , owing to protection by a chiral symmetry (which is the non-anomalous R-symmetry), the two vector-like families turn out to acquire masses of order only 1 TeV. The chiral families acquire masses primarily only by their mixings with the two vector-like families. One general consequence of such a mass-matrix, which follows simply from its rank, (see details later), is that one linear combination of the three chiral families, is guaranteed to remain massless, barring corrections of order 1 MeV, which is thus identified with the electron family. At the same time, the heaviest chiral fermion (top) acquires a mass of nearly 100-170 GeV and the masses of the fermions belonging to the muon family lie intermediate in the range of 100-1500 MeV [3] . In this way, the see-saw mass pattern of the type generated in the SUSY composite model provides s simple resolution of the puzzle of inter-family mass-hierarchy. In particular, it explains the large hierarchy between m e and m t . Since such a pattern would not be possible without the two vector-like families, the observed inter-family hierarchy seems to be a strong hint in favor of the existence of two such families with masses of order 1 TeV. (In the sequel, it will be clear as to why their number will have to be precisely two-no less and no more).
Due to the mixing of the chiral with the two vector-like families the model suggests [3, 1] a sizeable strength of ∆m(D − D) and observable rates for µ → 3e and especially for t → Zc. Such mixings also lead to a lengthening of the tau lifetime and simultaneously to a correlated small decrease in the LEP neutrino counting N ν from 3 [6] . Barring these small indirect effects, these new families can, of course, be discovered only provided machines like the SSC and the LHC and possibly TeV-range e + e − colliders are built.
With this in view, we spell out certain characteristics of the two vector- 
II. Masses and Mixings of the Vector-Like Families
The masses of the five-family system -three chiral (q , where f and c denote the flavor and the color attributes of the preons [1] . Noting that in the model under consideration, a dynamical breaking of SUSY would be forbidden in the absence of gravity, owing to the Witten index theorem [8] , it has been argued that each of these fermion condensates which happen to break SUSY, must be damped by (Λ M /M P l ) [7] , so that they would vanish in the absence of gravity (i.e., in the limit of M P l → ∞). Thus, one has:
The coefficients a λ and a ψa are apriori expected to be of order unity, although a λ is expected to be bigger than a ψa by a factor of 3 to 10 (say), because λ's are in the adjoint and ψ's in the fundamental representation of the metacolor group. One can argue that even a bosonic condensate < φ * φ >, if it forms, would be damped by powers of (Λ M /M P l ) [7] .
Given these fermionic condensates, the vector-like families Q and Q ′ ac- ) cannot be induced through either λ. λ or ψψ . These receive small contributions through e.g., products of chiral symmetry breaking ψψ and bosonic φ * φ condensates, which are thus damped by
The chiral families (especially the µ and the τ -families), acquire their masses almost entirely through their off-diagonal mixings with the vectorlike families, which are induced by the ψψ -condensates. As a result, the mass matrices for the five-family system (barring electroweak corrections and
Here f = u or d and c = (r, y, b) or l, thus this form of the mass matrix applies to four sectors q u , q d , l and ν. The superscript i = 1, 2, 3 runs over three chiral families. The entries X, Y, X ′ and Y ′ are column matrices in the space of these three chiral families with entries of order unity. In the above 
. In the absence of electroweak corrections, which are typically of order 
while those of the tau family are given by (
mass ratio is thus given by p 2 /4. For a value of p ≈ 1/3 to 1/4 (say), which is not too small and reasonable, one thus obtains a large hierarchy in the µ/τ mass-ratio of about 1/40 to 1/64, as observed. In this way, the 5 × 5 seesaw mass-matrix, with the approximate zeros dictated by the symmetry of the theory, provides a very simple explanation of the inter-family hierarchy:
In particular, it explains why (m e /m t ) is small (∼ 10 −5 ). The role of the two vector-like families is, of course, crucial to obtain such an explanation. This is the reason why we expressed in the introduction that the two vector-like families may hold the key to an understanding of the inter-family hierarchy.
In the present note, we are primarily concerned with the masses, mixings and decay modes of the two heavy families. For this it is necessary to retain their mixing at least with the tau family. For the sake of simplicity, we will ignore their mixings with the lighter electron and the muon families. This is, of course, a very good approximation, especially for the electron family.
Even for the muon family, the µ − Q mixing angle is smaller than the τ − Q mixing angle by the factor of p ≈ 1/3 to 1/4 [3] .
Thus, ignoring the mixings with the e and the µ-families, which are defined only after the transformation of the X and Y -matrices to the simple forms as mentioned above, the truncated 3 × 3 mass matrix of the tau and the two vector-like families, evaluated at Λ M , is given bŷ
Noting that we expect (κ f,c /κ λ ) = O(1/5 to 1/10), if we block-diagonalize this matrix to remove the q−Q and q−Q ′ entries, the τ -family would acquire a mass ≈ 2κ f κ c /κ λ (as mentioned before), while the 2 × 2 sector involving (Q, Q ′ ) would have a symmetrical mass-matrix with two equal diagonal ele-
c )/2κ λ ) and off-diagonal elements (κ f κ c /κ λ ) (to leading order in κ f,c /κ λ ). From this, it would appear that the two heavy eigenstates would be given essentially by (Q ± Q ′ )/ √ 2 corresponding to maximal mixing (barring small admixtures of tau family in each case). This is, however, greatly distorted due to electroweak renormalizations which distinguish between Q L,R and Q ′ L,R , to which we now turn. We evaluate the running of the electroweak and QCD coupling constants g 1,2,3 in the regime spanning from Λ M ≈ 3 × 10 11 GeV to 1.5 TeV, using renormalization-group equations. In this regime, 3 chiral and two vectorlike families, the two Higgs-like multiplets and their superpartners contribute to the β-functions. We use the familiar expressions for the mass-correctionsi.e. [9] ,
where b i and b m i are the coefficients that appear in the β i and γ i functions respectively,
y is the normalized hypercharge. The factor k is 2/3 (1) for a SUSY (non-SUSY) gauge theory. The b i 's are given by 
2 ) (j = 1 − 7), the values of the a j 's for the relevant pairs of fermions are listed below:
The factor 3/5 is the usual normalization factor for the hypercharge y.
The mass renormalization group parameters η c , η L , η 1,2,3,4,5,6,7 , (correspond-
To evaluate these factors, we choose as input values g TeV to Λ M , the gauge couplings at Λ M = 3 × 10 11 GeV are evaluated to be [11] . Using (7)- (10), the resulting η factors are thus given by η c = 2.39, η L = 1.23, η 1 = 1.003, η 2 = 1.043 η 3 = 1.011, η 4 = 0.995, η 5 = 1.024, η 6 = 1.049, η 7 = 1.1.
As expected, QCD renormalization effect denoted by η c is large. That due to SU(2) L , denoted by η L , is significant. Note, however, that the renormaliza-tion factors due to the hypercharge interaction given by η 1 − η 7 are typically rather small, differing from unity by 1 to 10%.
In addition to the renormalization group running from Λ M to the weak scale, the mass parameters will also receive QCD and electroweak radiative corrections at Λ M , which lead to differences between X and X ′ and between Y and Y ′ (see eq. (2)). These corrections are typically of the order of 5-10%, which are to be compared with the renormalization effects due to running given in eq. (11) . Note that the SU (2) Inserting the renormalization factors into (3), the 3 × 3 sector of the up, down and charged lepton mass matrices involving the tau and the two vector-like families take the form
In the neutral lepton sector, since ν τ R becomes superheavy (m ν τ R ∼ Λ M ∼ 10 11 GeV ) [1, 3, 12] , the corresponding mass matrix is a 2 × 3 matrix given by
Since κ f,c ≪ κ λ , the mass matrices of eq. (12-15) can be diagonalized by using the see-saw formula. The light mass eigenvalues corresponding to the chiral quarks and leptons of the tau family are given by
The 2 × 2 mass matrix corresponding to the heavy vector-like fermions in the up sector is given by by the replacement (
In the neutral lepton sector, the squared mass matrix corresponding to the
The mass eigenvalues of the heavy fermions are obtained from the above:
It is easy to verify that U 1 and D 1 contain primarily the SU(2) L -doublet Q-fermions with a small admixture of SU(2) R -doublets Q ′ , while U 2 and and keeps only the lowest order terms in ǫ L , where η L ≡ 1 + ǫ L , the above matrices become symmetrical. In this approximation (which should be close to the true scenario, since the neglected terms are only of order 5% or so), the (symmetric) mixing angles for the charged fermion sectors are given by
The mass eigen-states (U 1 ) L,R and (U 2 ) L,R are given by
and
Note that the mixing in the up-sector of the heavy quarks denoted by θ U is proportional to κ u and hence is large, while in the down sector, the mixing angle θ D and θ E are proportional to κ d ; they are consequently small (since
The mixing angle for the right-handed neutral leptons (
In the left-handed neutral lepton sector, the mixing is somewhat more complicated, due to the fact that ν τ L − N L mixing is not negligible. Starting from eq. (15), we obtain the exact orthogonal matrix V 
Here s i = sinθ i , c i = cosθ i with
Since κ u,l ≪ κ λ , the mixing angle θ 1 is small (O(1/5 to 1/10), say); but θ 2 and θ 3 can be relatively larger, since κ u and κ l are expected to be comparable within a factor of two (say). Note that θ 2 ≃ θ 3 .
To have a feel for the numerical values of the masses and the mixing angles that are relevant to the heavy families, we need to know the effective parameters which enter into the fermion mass-matrix. Talking of these, note that the full 5 × 5 mass-matrices (eq. (2)) of the four sectors -i.e., u, d, l and ν -which in general could involve 100 parameters, even if they are all real, are essentially determined (barring electroweak corrections and m
dir which are important only for the light families) by just six effective parameters: p, κ u , κ d , κ r , κ l and κ λ . These successfully describe the gross features of the masses of the known fermions -in particular their magnitudes and the interfamily hierarchy [3] . In fact, even these few parameters are not completely arbitrary (unlike in the case of an elementary Higgs-picture) in that we know apriori their approximate values to within a factor of 10, say. For example, as mentioned above [1, 3] , we expect that
and that (κ f,c /κ λ ) ≈ 1/3 to 1/10, while 1/10 < p < 1/2 (say).
Guided in part by the expected order of magnitude of these parameters and their ratios as mentioned above and by the observed masses of the muon and the tau-families, we are led to the following values for certain ratios of these parameters: which, combined with (25-d), yields κ u ≈ (76 − 100) GeV . Allowing for some uncertainty in (κ l /κ λ ) which affects κ u , we take
This still leaves κ λ undetermined (although its order of magnitude is known).
We observe that the "number" of light neutrinos measured at LEP places an upper limit on (κ u /κ λ ). Owing to ν τ − N ′ mixing, the model yields [6] :
Comparing with the observed value [10] N ν = 2.99±0.03, we get (κ u /κ λ ) < ∼ 1/7 for N ν > ∼ 2.96. Allowing for agreement within two standard deviations on the one hand and following our general expectations for (κ u /κ λ ) mentioned above, on the other hand, we take:
Values of (κ u /κ λ ) near 1/10 can be probed if N ν can be measured with an accuracy of 0.01 to 0.02. For the present, using (25-f and g), we get
To have a feel for the masses and mixing angles, consider a representative set of values:
This yields [9, 13] (m t , m b , m τ ) 1.5 T eV ≃ (135, 3.4, 1.5) GeV
There are corrections of order 10% to these numbers arising from the mixing of the top and vector-like families with the lighter e and µ families, but they can be neglected for our present purpose.
While This is important for their decay modes. (4) Given this mass-pattern, we see that U 1 → D 1 + W and likewise
are kinematically allowed.
III. Coupling and Decay Modes of the Heavy Fermions
In terms of the mixing angles in the heavy sector, the coupling of the W ± L and Z 0 to the left-handed as well as the right-handed charged fermions can be written down. We list them in Tables 1-5 presented below. Table. 1. The coupling of W ± L to the left-chiral quarks of the τ and the two vector-like families. An overall factor (g/ √ 2)γ µ is not displayed, but should be understood. Table. 2. The coupling of W ± L to the right-chiral quarks of the tau and the vector-like families. An overall factor (g/ √ 2)γ µ is not displayed. Table. 3. Table. 4. The coupling of Z 0 to the right-chiral quarks and charged leptons with the same notation as in Table 3 . Table. 5. The coupling of Z 0 to the left-chiral neutral leptons. Notation same as in Table 3 . The overall factor (−g/cosθ W )γ µ is not displayed.
The coupling of W + L to the left-handed charged lepton currents take the following form:
Using Tables 1-5 and the mixing angles listed, the following pattern of decay modes for the heavy fermions emerge (Table 6 ). We list all dominant modes and only some suppressed or forbidden ones. The reason for suppression or dominance of a mode can be inferred by looking at the third column.
Rates which are proportional to sin 2 θ D and/or (κ d /κ λ ) 2 are suppressed. Table. 6. Pattern of heavy fermion decay modes. We have approximated the leptonic mixing angles θ 1,2,3 of Eq. (24) by keeping only the lowest order terms in κ l /κ λ and κ u /κ l .
Particle Decay Modes Rate (∝) Comment
Phase space supp.
Highly suppr.
In above, it is to be understood that for modes, where chirality is not shown (e.g.,
, either chirality has the same amplitude. It is interesting to note, however, that there are modes for which there is a strong preference for either the left or the right chirality. For example, 
IV. Production and Signals
Production of the heavy quarks in pairs by hadronic colliders at SSC and LHC energies has been studied in a number of papers [14] . These studies typically yield production cross sections at √ s = 40 T eV as follows: Table. 7. Heavy quark pair production cross section at √ s = 40 T eV for UU . The cross section σ listed is in nb. Assuming that a future version of the SSC will be built one day in the near future, the production cross section noted above would lead to about 2.5×10 We now consider the likely signals of pair production of such heavy quarks by considering their expected decay modes.
(1)
Thus
Thus,
Thus noting signals for U 2 U 2 in (33), we expect
Before discussing the signals for heavy lepton pair-production, we see Heavy lepton pair production in hadronic and leptonic machines will proceed through virtual photon and Z 0 -productions. These cross sections have been studied in Ref [14] . The prominent decay modes of the heavy leptons are listed in Table [ 6] , from which we arrive at the signals for heavy lepton production in the model.
(pp,
(pp, e + e − ) → E 1 + E 1
(pp, One additional feature mentioned in Chapter I is that one expects significant production of a single heavy lepton (N 1 or N 2 ) together with ν τ in an e + e − machine of appropriate energy through a virtual Z (see Table 5 and eqs. (23), (24) and (29) for relevant amplitudes and mixing angles) followed by the dominant decay of (i) First, the vector-like fermions or families are not predicted in any of these models [15] [16] [17] [18] by an apriori theoretical reason, based on some higher symmetry or other grounds, whereas in the present case, they arise in a compelling manner as a general consequence of SUSY-compositeness in a class of SUSY theories based on QCD-like binding force [1] [2] [3] .
(ii) Second, the masses of the vector-like families, which are SU(2) L × U(1)-invariant, are not protected by a symmetry in the models of Ref. [15] [16] [17] [18] .
They could apriori be as large as the grand unification or even Planck scale and thus inaccessible to future accelerators. By contrast, for the case considered here, the masses of the vector-like families are protected by the nonanomalous R symmetry, which is broken by the desired amount only by the SUSY-breaking metagaugino condensate < λ.λ >. Thus their masses are protected to the same extent as supersymmetry breaking; both are damped by the Planck scale and are naturally of order 1 TeV [1, 7, 3] . This is what makes them accessible to accelerators.
(iii) Third, invariably the other models, as they stand, contain only SU(2) Lsinglet family [16] or families [15] , which are in part analogous to our SU(2) R - Thus we do hope that not only the LHC will be approved and built in the near future but that efforts will continue and succeed to build a future version of the SSC with E cm ≥ 40 T eV and the NLC e + e − machine with E cm ≈ 1 T eV . Without these, some very precious discoveries, including the ones mentioned above, which are expected to lie around the corner, will never materialize.
hospitality extended to them on several occasions during the course of this work. 19. Having more than two vector-like families will, in general, spoil one of the most desirable features of the fermion mass-matrix of the fivefamily system which guarantees one zero eigenvalue [3] that corresponds to the mass of the electron family. Furthermore, subject to left-right symmetry, if there are more than two vector-like families, there would have to be four of them, i.e., two Q L,R and two Q ′ L,R . together with their SUSY partners, they would make QCD coupling grow rapidly above 1
TeV to become confining below 10 11 GeV. Thus, there appears to be a good reason why there should be precisely two vector-like families, corresponding to Q L,R and Q ′ L,R ,no more no less.
